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Abstract

The optimum design of a cam mechanism is a very interesting problem in the contact mechanics today, due to the alternative
industrial applications as a mechanism of precision. In this paper, a new evolutionary algorithm called modified adaptive
differential evolution (MADE) is introduced for multi-objective optimization of a cam mechanism with offset translating roller
follower. The optimization procedure is investigated for three objectives among them minimum congestion, maximum efficiency,
and maximum strength resistance of the cam. To enhance the design quality of the mechanism in the optimization process, more
geometric parameters and more design constraints are included in the problem formulation. In order to validate the developed
algorithm, three engineering design problems are solved. The simulation results for the tested problems indicate the effectiveness
and the robustness of the proposed algorithm compared to the various existed optimization methods. Finally, the optimal results
obtained for the case study example provide very useful decisions for a cam mechanism synthesis.

Keywords Cam mechanism - Roller follower - Constrained optimization - Differential evolution algorithm

1 Introduction

Cam follower is one of the simplest and the most important
mechanisms found in modern machinery today. It is widely
used in mechanical devices and machines especially those of
the automatic type, such as printing presses, textile machinery,
gear-cutting machines, screw machines, and automobile en-
gines. However, the main drawback of this mechanism is the
direct contact between the cam and the follower. This contact
induces a load torque on the cam due to friction which causes
a loss of energy dissipated as heat in the two parts of contact.
The roller improves the transmission efficiency of the system
by reducing the friction, but increases the congestion of the
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mechanism in the same time. Therefore, the cam size minimi-
zation is often the primary objective in the designing process
of cam mechanism. Additionally, the requirement of high sys-
tem performance implies the consideration of the cam resis-
tance and the cam profile determination to improve the desired
motion accuracy and hence, optimizing the robustness of the
mechanism.

In the field of the cam-follower design, various researches
have been reported [1, 2]. However, most of these works have
not deal with the design of the mechanism in detail. Therefore,
more research is needed in this field, especially with the great
development of computing technology and optimization
methodologies. During the last few decades, the optimal de-
sign of cam mechanism has been a subject of many research
publications where various methods are considered. Based on
iterative numerical methods, Terauchi and El-Shakery [3]
used the Regula-Falsi and Newton-Raphson methods to min-
imize the size of cam-roller follower mechanism under
contact-stress constraints. Bouzakis et al. [4] employed a non-
linear programming approach to optimize the dimensions of
cam by considering constructive and functional requirements
of the mechanism. For constraint treatment, the exterior pen-
alty function has been used by the authors. Carra et al. [5]
investigated the synthesis of cams with negative radius roller
follower by using numerical analysis to minimize the pressure
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angle. In their work, they studied and discussed the influence
of the different variables on undercutting and pressure angle
problems.

Some more advanced techniques such as genetic algorithm
(GA) has been applied for optimizing the cam mechanism
design. The GA has been used by Lampinen [6] for prelimi-
nary cam shape design and optimization of cam-operated
mechanisms. Tsiafis et al. [7] proposed a multi-objective GA
to select the optimal design parameters for cam mechanism
with translating roller follower. This optimization approach
was applied to find the set of Pareto optimal solutions with
respect to the afore-mentioned objective functions. The same
authors [8] employed also the GA approach to optimize the
design parameters of a disk cam mechanism with translating
flat-face follower. Three objectives have been considered by
the authors. Later on, Flores [9] formulated a computational
approach for design optimization of disk cam mechanisms
with eccentric translating roller followers. The author
employed the fmincon function of MATLAB® to solve this
problem.

Recently, Hidalgo-Martinez et al. [10] developed an opti-
mization procedure to perform the synthesis of cam mecha-
nism with negative radius follower using Bézier curves. In the
same way, Hidalgo-Martinez and Sanmiguel-Rojas [11], also
based on Bézier curves, investigated the synthesis of cam
mechanisms with single and double flat-faced translating fol-
lowers to minimize the sliding velocities. They discussed the
influence of this parameter on the friction losses and the fa-
tigue life for this kind of cam mechanisms. More recently,
Jana and Bhattacharjee [12] developed a multi-objective GA
to solve the design optimization problem for cam follower
mechanism with simple and double harmonic profiles. The
kinematic design variables, aimed to be optimized, are the
angle of rotation, maximum lift of the follower and angle for
maximum follower lift.

The main purpose of the present paper is to synthesize a
cam mechanism with eccentric translating roller follower
based on optimization approach by using a new evolutionary
algorithm called MADE. Unlike previous studies, in this
work, the design quality of the cam mechanism is improved
by considering more geometric parameters and design con-
straints during the optimization procedure. The optimization
problem is simultaneously formulated for three objectives:
minimizing the cam size, maximizing the efficiency of the
mechanism, and maximizing the cam mechanical resistance.
The effectiveness of the proposed algorithm is verified by
optimizing three constrained engineering design problems in-
cluding three bar truss design, spring design, and welded
beam design.

Thus, the organization of the remaining paper is as follows:
the formulation of optimization problem, objective function,
constraints, and design variables is described in Section 2. In
Section 3, the different steps of classical DE algorithm are
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briefly exposed. The developed MADE algorithm is presented
in Section 4 and validated in Section 5. In Section 6, an ap-
plication example is presented and used to discuss the main
assumptions and procedures adopted throughout this work.
Finally, the conclusion is given in Section 7.

2 Problem formulation of the cam mechanism

A schematic view of a cam mechanism with offset translating
roller follower is shown in Fig. 1. According to previous stud-
ies [7, 9, 13], the optimum design of this mechanism can be
achieved by considering three major parameters that influence
the cam design process, namely the base circle radius of the
cam Ry, the roller radius R,, and the offset of the follower e.
However, it is of great importance to consider other parame-
ters that may improve the system performance. Particularly,
those associated with the geometric elements of the mecha-
nism such as the cam thickness, distance between the cam
center, and the follower bearing, and the length of follower
bearing.

Consequently, the main contribution of this study is to pro-
pose a global optimization procedure by considering addition-
al geometric parameters that influence the design quality of
cam mechanism with eccentric translating roller follower. The
optimization problem is formulated as a multi-objective while
observing several constraints on performance and resistance
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=

Fig. 1 Cam mechanism with offset translating roller follower
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indicators, as well as geometric conditions. In the following,
the objective functions, constraints, and design variables will
be detailed.

2.1 Objective functions

The cam mechanism with eccentric translating roller follower
must be designed for minimum congestion, maximum effi-
ciency, and maximum strength resistance of the cam.
Mathematically, the objective function can be expressed as

Min:f(x):ﬂ, (Rb +I)+ﬂzx Tmax + B3 X Otmax (1)

where 3; (i =1, 2, 3) are the weighting factors of the objective
function that depend on the specific problem to be solved, and
x is the vector of the design variables.

From Eq. 1, the first goal is the cam size minimization. This
latter is defined according to the base circle radius R, and
thickness of the cam ¢. The second objective is to reduce the
maximum input torque required to drive the cam 7, which
is directly increasing the mechanical efficiency. The last ob-
jective is the maximum contact stress o zmax between the cam
and the follower which should be minimized. The instanta-
neous input torque is given by [14] as follows:

T=Fxy (2)

where F is the force of the cam on the roller follower, and y' is
the first derivative of the follower displacement with respect to
the cam angle.

2.2 Constraints

The above objective functions are subjected to ten design
constraints. In this section, each constraint is given in detail.

* The first two constraints are imposed to simplify the
mechanism assembly (Fig. 1):

g1(x) = e Ry=0 3)
g2(x) = Ry—e=0 (4)

* In order to ensure the correct operation of the mechanism
during the high dwell of the follower, the roller should not
touch the follower bearing. So, the following constraint
should be added to avoid the contact (Fig. 1).

g3(x) = g—a=h—R;=0 (5)

where /£ is the lift of the follower, and ¢ is the distance between
the cam center and the follower bearing. The o parameter is
calculated as

a=1/(Rg+ Ry)’—¢2 (6)

*  On the other hand, during the low dwell, the follower level
should not be lower than the level of bearing to avoid any
contact between the external mass and this latter.
Mathematically, the constraint can be formulated as

g4(x) = L~(g-)=b=20 (7)

where L is the length of the follower and b is the length of the
follower bearing, as shown in Fig. 1.

* In order to guarantee the proper operation of the mecha-
nism, two constraints are imposed on the pressure angle.
These are the maximum allowed values for the rise and the
return periods, which stated as [9]

85(x) = —max|ippige| + 30720 (8)
86(x) = ~max|Ppeym| + 45 >0 ©)

The pressure angle is given as follows [14]:

- y/*e
= tan! 10
o = tan (Ha) (10)

* To avoid undercutting as well as to ensure the desired
movement of the mechanism, two other constraints are
imposed on the curvature radius of the pitch curve p.
When the cam is on the convex part, the minimum posi-
tive radius of curvature p,,;, should be greater or equal to
the roller radius R, [15]. When the cam is on the concave
part, the absolute value of the minimum curvature radius
|Pmin| should be too greater than R, [16]. Thus, the two
constraints are written as the following:

For p>0,

87(%) = Prmin—Rg=0 (11)
For p<0,

83(x) = [Pmin|~Rg=r=0 (12)

where 7 is a positive constant to control the variation of the
curvature radius for the concave part of the cam. The curvature
radius of the pitch curve p can be calculated as [17]

3
V(& 20 )
pP= B , . (13)
(R + Ry +¥)" +2V—(Ro + Ry +¥)y

where )" is the second derivative of the follower displacement
with respect to the cam angle.
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* To ensure the mechanical resistance of the cam, the max-
imum contact stress oymax should be less or equal to the
permissible contact stress oyp. Mathematically, the con-
straint is expressed as

8o(X) = oHP=OHmax =0 (14)

The maximum contact stress applied on the cam is calcu-
lated as follows [15]:

) F, % (Ry + Ry)
OHmax — 0'564\/1‘ « (Rb % Rg) X [(17U12)/E1 + (1*U22)/E2]
(15)

where F, is the normal force between the cam surface and the
roller follower [18]:

P
1 (26 an(e) st

where P is the total force acting on the follower. This force is
the algebraic sum of the external applied force Fj, the inertial
force F; and the spring force F. p is the coefficient of friction
between the follower and its bearing, C=¢ — (a +y) (Fig. 1).
vy, Uy are Poisson coefficients and E|, E, are the elasticity
modulus of the material of cam and roller follower respectively.

* The last constraint is the mechanical efficiency of the sys-
tem. The power transmission of the mechanism should be
done with a minimum loss of energy which due mainly to
friction and pressure angle. Thereby, the constraint on the
minimal limit of energy loss is established as follows:

€10(%) = Npin=0.90=0 (17)

The instantaneous efficiency is given by the report of the
total force P on the required force to lift the follower F. Its
expression may be written as

p= 1—u<2C,f ”)tan«o) (18)

2.3 Design variables

From the problem formulation, it is clear that the design
optimization of a cam mechanism is affected by the geo-
metric parameters proposed previously, which are conflict-
ing with each other. When the cam thickness ¢ is increased,
the resistance of the cam is improved (third objective) due
to the direct reducing in the contact stress. But at the same
time, the cam size becomes greater, which does not serve
the first objective. It is then necessary to select an optimum
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value of this parameter. Also, the reduction of the distance
q allows the decrease of the input torque 7 by increasing
the mechanical efficiency 7. It means that we play on the
second term of the objective function, but at the same time
the constraintgsshould be respected. On the other hand, the
length of the follower bearing b has a certain influence on
the input torque and on the constraint g4. In addition, the
two latter parameters have a direct influence on the normal
force F, and thus affecting the contact stress (third term of
the objective function).

Based on the above analysis, the final optimization model
of the cam mechanism design is developed for six design
variables. They are the cam base circle radius Ry, roller radius
R,, follower offset e, cam thickness ¢, distance between the
cam center and the follower bearing ¢, and follower bearing
length b. All the design variables are continuous.

3 Basic steps of differential evolution
algorithm

DE algorithm is one of the most efficient evolutionary algo-
rithms (EAs) which was firstly proposed by Storn and Price
[19] for real parameter optimization. Like other EAs, DE is a
population-based optimization algorithm. The classical DE
algorithm can be divided into four steps, which are the initial-
ization, mutation, crossover, and selection. During the initial-
ization phase, the population NP is randomly created within
the feasible boundary constraints of each decision variable

xfj:O = (xfjo,...,xgj()), i=1,..,Dandj=1,..,NP. D

denotes the number of design variables.

After the initialization step, DE uses the mutation operation
to create a mutant vector for each target vector. The DE/rand/
2/bin strategy is the most used one, where bin denotes the
binomial crossover operator. The mutation vector can be cal-
culated as follows:

Vz,jGH =x1%+ F x (Xi,rzG—xi,rzG) + Fa X (x[.r4G_xi,rSG)
(19)

where 71, 1, 13, 14, and 75 are integer indices randomly chosen
within the range [1, ..., NP], different from each other and also
different form the index ;. F; and F, are the scaling factors and
G denotes the generation number.

In the binomial crossover, the trial vector ¢!

i 1s generated

using the target and mutated vectors as

( ) 20
W xfj, otherwise (20)

ool {@?Hﬁ@m¢ﬂmuscwv@::umg
u; =19 ¢ '

where i,y 18 a randomly integer chosenin[1, ...,D]. rand; ;is
a uniformly distributed random number between 0 and 1.
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Tab!e 1 . Design variables, objective function, and constraint values for l l
engineering design problems

Three bar truss Tension spring Welded beam —
X 0.788675136255355  0.05168906073973  0.205729639786
x> 0.408248285767141  0.35671773154718  3.470488665628
3 - 11.2889662354172  9.036623910357 A A; A; =4,
- - 0205729639786
gix) 0 0 —1.8189894E~12
() —1.46410162047705 0 0
g3(x) —0.53589837952295 —4.0537856140377 0 Y P
g4(x) — —0.7277288051420 —3.43298420860
as(x) — - —0.08072963978 _ .

Fig. 2 Three bar truss design

26(x) — - —0.23554032258
o) — - —2.7284841E~12
Smin  263.895843376468  0.01266523278831  1.724852308597 proposed by Deb [22], in the selection phase instead the

G
irj
and the better one will be

During the selection step, the target vector x;’; is com-

G+l
ij
selected to enter the next generation according to their

fineness value:

XGH = {ugj+1 g f<u"(*;f“>5f (’“ff)

i.j .
xiGj otherwise

pared with the trial vector u

(21)

If the stopping criterion is satisfied, the computation is
terminated. Otherwise, the step mutation, crossover, and se-
lection are repeated.

4 Modified adaptive differential evolution

The proposed method can be considered as an improved
version of the adaptive mixed differential evolution
(AMDE) [20]. Specifically, the AMDE algorithm has been
developed to select the optimal geometry parameters of a
cylindrical spur gear. In addition, to avoid the manual
tuning of the mutation and crossover values, the method
is based on self-adaptive mechanism jDE [21]. For further
details about the AMDE method, the interesting reader
may refer to [20].

In the present paper, the MADE algorithm is reinforced
by using the superiority of feasible points mechanism,

conventional one to improve the search capability of the
variant, where the Deb’s approach is based on three selec-

tion scenarios when comparing between the target vector
G+1

leJ and the trial vector u;;"". The sequence of each criterion
is given as follows: when two solutions are in the feasible
region, the one with the better fitness value is selected;
secondly, if one solution is feasible and the other is infea-
sible, the feasible one is preferred; the last scenario is
among two infeasible solutions; the one with the small
constraint violation value is chosen. It may be noted that
in this work, we will deal only with problems of continu-

ous type.

5 Evaluation of MADE approach

In order to evaluate the performance of the proposed ap-
proach, three real-world engineering optimization prob-
lems are selected which are three bar truss design, tension
spring design, and welded beam design problem. The
mathematical formulation of the benchmark engineering
design problems are presented in Appendix. The parame-
ters of the jDE for the problems are as follows: initializa-
tion process sets F1= 0.8, Fr= 0.5, Cr= 0.5, 7= 0.5,
7= 0.2, and 73= 0.1. NP is chosen in range [4D 10D]
and the number of function evaluations (FEs) is given in
Table 2. Moreover, for each problem, 50 independent runs
are performed and statistical results are provided including

Table 2  Statistical results obtained by MADE for the three engineering design problems

Problem Best Mean Worst SD FEs
Three bar truss 263.8958433764684 263.8958433764685 263.8958433764686 2.7005E-13 4000
Tension spring 0.012665232788319 0.012665232788320 0.012665232788323 5.8876E-16 20,000
Welded beam 1.724852308597364 1.724852308597365 1.724852308597366 9.6318E-16 18,000

@ Springer



Int J Adv Manuf Technol (2018) 99:1267-1282

1272
Fig. 3 Objective function value 290
respect to number FEs for three
bar truss design
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best, mean, worst, and standard deviation. The MADE al-
gorithm is implemented in MATLAB® and the optimiza-
tion runs are executed on a PC i5 with a 2.2 GHz and 4 GB
of RAM memory.

The mentioned problems are recently solved by using sev-
eral approaches. MADE algorithm is compared with follow-
ing metaheuristics: AMDE [20], rank-iMDDE [23],
constrained optimization based on a modified DE (COMDE)
[24], multiple trial vector-based DE (MDDE) [25], water cycle
algorithm (WCA) [26], differential evolution with level com-
parison (DELC) [27], e-constrained differential evolution al-
gorithm with a novel local search operator (eDE-LS) [28], and
social-spider algorithm (SSO-C) [29].

The optimal results obtained by MADE algorithm for the
three engineering problems are presented in Table 1. In addi-
tion, the statistical results are summarized in Table 2.
According to the two tables, it is clearly observed that the
developed algorithm can obtain the feasible global optimal
solution for all engineering problems with small function
evaluations number, no more than 20,000 in case of the
welded beam design problem. This indicates that the proposed

500

1000 1500 2000 2500 3000 3500

FEs

4000

MADE is very effective in solving the engineering problems
in terms of solution quality, convergence speed, and
robustness.

5.1 Three bar truss design

The first problem deals with the design of a three-bar truss
structure [30] in which the volume is to be minimized and
subjected to stress constraints. The design variables are the
cross-sectional areas A; (x;) and A, (x») as shown in Fig. 2.
Figure 3 shows the convergence of MADE to the best solution
for the three-bar truss problem.

This problem has been solved by AMDE, rank-iMDDE,
COMDE, DSS-MDE, WCA, DELC, and eDE-LS. The results
of these algorithms are shown in Table 3; a result in italic
means a better solution obtained. In terms of the standard
deviation, rank-iIMDDE is the best one, followed by eDE-
LS, DELC, MADE, AMDE, and COMDE. However,
MADE and AMDE show superiority in terms of FEs among
the compared algorithms.

Table 3  Comparison with other state-of-the-art algorithms on three bar truss problem

Method Best Mean Worst SD FEs
MADE 263.8958433764684 263.8958433764685 263.8958433764686 2.7005E-13 4000
AMDE 263.8958433764684 263.8958433764685 263.8958433764686 2.7441E-13 4000
rank-iMDDE 263.8958434 0 263.8958434 263.8958434 0.00E+00 4920
COMDE 263.8958434 263.8958434 263.8958434 5.34E-13 7000
DSS-MDE 263.8958433 263.8958436 263.8958498 9.70E-07 15,000
WCA 263.895843 263.895843 263.895843 8.71E-05 5250
DELC 263.8958434 263.8958434 263.8958434 4.34E-14 10,000
eDE-LS 263.895843376468 263.895843376468 263.895843376468 2.3206E-14 15,000
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Fig. 4 Tension spring design
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5.2 Tension spring design problem

The purpose is to minimize the volume of the tension
spring [31], as shown in Fig. 4, subjected to four constraints
on shear stress, surge frequency, minimum deflection, and
limits on outside diameter and on design variables. There
are three continuous design variables including the wire
diameter d (x;), the mean coil diameter D (x,), and the
number of active coils N (x3). The convergence of MADE
to the best solution for the tension spring design problem is
shown in Fig. 5.

0.5 1 15 2
FEs x10*

The problem has been recently solved by using several
algorithms, including rank-iMDDE, COMDE, DSS-MDE,
WCA, DELC, and e¢DE-LS. The results of these algo-
rithms are shown in Table 4. As it can be seen from the
table, the best solution obtained is 0.01266523. Further,
among the compared algorithms, it is observed that
MADE is more robust in solving this problem with a
standard deviation value of 5.8876E—16. In addition, the
proposed variant obtains the best results compared with
the seven algorithms in terms of best, mean, and worst
solutions.

Table 4 Comparison with other state-of-the-art algorithms on tension spring design problem

Problem Best Mean Worst SD FEs

MADE 0.012665232788319 0.012665232788320 0.012665232788323 5.8876E-16 20,000
AMDE 0.012665232788319 0.012665232788326 0.012665232788574 3.6617E-14 20,000
rank-iMDDE 0.012665233 0.012665264 0.01266765 2.45E-07 19,565
COMDE 0.012665233 0.012665233 0.012665233 3.09E-06 24,000
DSS-MDE 0.012665233 0.012669366 0.012738262 1.25E-05 24,000
WCA 0.012665 0.012746 00.012952 8.06E-05 11,750
DELC 0.012665233 0.012665267 0.012665575 1.30E-07 20,000
eDE-LS 0.012665233 0.012665233 0.012665233 5.0075E-14 20,000
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Fig. 6 Welded beam design problem

5.3 Welded beam design problem

The objective is to minimize the manufacturing cost of the
welded beam [32] subjected to constraints on shear stress
(1), bending stress in the beam (o), buckling load on the
bar (Pc), end deflection of the beam (9), and side con-
straints. There are four design variables as shown in
Fig. 6: h (xy), [ (xp), t (x3), and b (x4). The convergence
graph of MADE for the welded beam design problem is
plotted in Fig. 7.

MADE is compared with seven EAs in this problem.
They are AMDE, rank-iMDDE, COMDE, DELC, WCA,
MDDE, and SSO-C. The results of these algorithms are
shown in Table 5. It can be observed from the statistical
results that all the mentioned algorithms are able to find the
global optimal solution. Further, MADE and rank-iMDDE
provided the small standard deviation. Moreover, with the

smallest FEs, MADE is considered the most efficient
among all compared methods.

6 Case study of the cam mechanism

The proposed approach is applied and evaluated for solving
the cam design optimization problem with the following data.
Firstly, the length of the follower L, its diameter &, and its mass
M are defined under the resistance conditions which must be
verified to the following compressive and buckling solicita-
tions:

Oc max <Re
{ Re Sab (22)

where 0. max 18 the maximum compressive stress, oy, is the
buckling critical limit, and R, is the elastic limit of the follower
material.

The input data for the follower and the parameters of
case study example are presented in Tables 6 and 7,
respectively. In addition, by following the same method-
ology as in [33-35], the kinematic analysis of the fol-
lower motion such as displacement, velocity, and accel-
eration is presented in Figs. 8, 9, and 10 respectively.
Moreover, the dynamic analysis including the external
force, spring force, inertial force and total force acting
on the follower is given in Fig. 11. Assuming the simple
harmonic motion (SHM) of the type rise-dwell-return-
dwell (RDRD), the motion kinematics are given by
Egs. 23, 24, and 25 [14]:

Fig. 7 Convergence graph of 6 T
MADE for welded beam design

0 2000
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Table 5 Comparison with other state-of-the-art algorithms on welded beam design problem

Problem Best Mean Worst SD FEs
MADE 1.724852308597364 1.724852308597365 1.724852308597366 9.6318E-16 18,000
AMDE 1.724852308597364 1.724852308597365 1.724852308597366 1.1533E-15 18,000
rank-iMDDE 1.724852309 1.724852309 1.724852309 9.06E-16 19,830
COMDE 1.724852 1.724852 1.724852 1.60E—12 20,000
DELC 1.724852 1.724852 1.724852 4.10E-13 20,000
WCA 1.724856 1.726427 1.744697 4.29E-03 46,450
MDDE 1.725 1.725 1.725 1.00E-15 24,000
SSO-C 1.7248523085 1.746461619 1.799331766 2.57E-02 25,000

h 0
y= 3 <1—cos (w 9Rise)) (23)
1 h Vi . 9
e (2 % 9Rise> % (Sm (Tr 9Rise>) (24)
" h 72 0
y = (E X @> X <cos <7r 9Rise>> (25)

where 6 is the cam rotation angle and 6y, is the rise period
angle. The follower characteristics are calculated for 60° rise,
130° high dwell, 140° returns, 30° low dwell, follower lift 2 =
20 mm, and cam speed w,. =2 rad/s.

From Figs. 9 and 10, it is observed that the dwell pe-
riods have always zero velocity and zero acceleration.
During the rise and the return periods, the follower velocity
follows a sine function and its peak values are respectively
60 mm/s and 25.72 mm/s. The follower acceleration fol-
lows a cosine function and its peak values are, respectively
360 mm/s* and 66.12 mm/s°. It can then be deduced that
the motion law considered in this study provides an accel-
eration curve with finite values at the rise and the return
periods, which leads to reduce the amplitude of the inertia
force applied on the follower, as can be seen in Fig. 11. On
the other hand, the spring force, which is directly related to
the follower displacement, has the major contribution on
the total force.

Table 6 Input data of the follower

Input data Values
Material density (kg/m®) 8027
Material elastic limit R, (MPa) 170

Follower inertial moment (mm®*) . g—z

d (mm) 10

L (mm) 80

M (kg) 50.183 x 107

6.1 Results and discussions

The cam mechanism with offset roller follower translation
must be designed for minimum congestion, maximum ef-
ficiency, and maximum strength resistance of the cam.
There are six continuous design variables. In addition, the
objectives are subjected to ten inequalities constraints, two
linear and eight nonlinear. The MADE algorithm adapts a
self approach to solve this problem while the used param-
eters are as follows: NP =30, FEs =25,000, we conserve
the same values as in Section 5 for the scaling factors and
crossover factor.

In order to solve this problem, the weighted sum
method is used [36]. The basic idea of this method is
to convert the multi-objective problem to the single one
by using the weighting factors. In the present case, they
are taken as, 1 =0.8, 5,=0.1, and B5=0.1. The upper
and the lower variable limits are as follows: 20 <R, <
60, 0<R,<20, 0<e<20, 0<¢<20, 50<¢<130, 25<
b<55.

The statistical results obtained by the developed version are
summarized in Table 8 (50 runs). The graphical convergence
speed of MADE to the best solution for the cam mechanism

Table 7  Input parameters of the case study

Input data Values
E; (MPa) 2.1x10°
E, (MPa) 2x10°
v 0.28
vy 0.265
Oadm(MPa) 235

W 0.1
Spring rate £ (%) 1.2
Initial deflection of the spring ¢ (mm) 8

7 (mm) 10

Fo (N) 30
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Fig. 8 Displacement diagram of 21
the follower motion

Displacement (mm)
= &
T T

(31
T

problem is given in Fig. 12. From Table 8, the best solution
given by the MADE is x"=[28.633568856151,
9.3006758804433, 9.3006758804458, 9.8395981706191,
67.0770861444, 48.6993241195], corresponding to the
objective function value f = 217.70907431. In addition,
the developed algorithm offered a small standard devia-
tion value (1.0809E—08) which confirms the robustness of
the MADE in solving this problem. Moreover, from
Fig. 12, it is clear that MADE version converged rapidly

100 150 200 250 300 350
Cam rotation angle (°)

and can achieve the near-optimum within only in 250
iterations.

The optimum design variables obtained through the op-
timization procedure are used to plot the evolution of pres-
sure angle, radius of curvature, and contact stress in func-
tion of the cam rotational angle, as shown in Figs. 13, 14,
and 15 respectively. According to Fig. 13, it is clear that
both values of @gise and prem are well below the allow-
able limits 30° and 45° respectively. This is due to the fact

Fig. 9 Velocity diagram of the 60
follower motion

45

— ()
<54 [S=]

Velocity (mm/s)
()

15k
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400

Fig. 10 Acceleration diagram of
the follower motion

200

Acceleration (mm/s?)
[}

of second term of the objective function which indicates
that reducing the input torque leads to an increase in the
efficiency and a reduction of pressure angles, thereby
confirming the desired performance of the mechanism.
Figure 14 shows that the minimum values of the curvature
radius for convex and concave parts of the optimized cam
are satisfied (constraints g7 and gg respectively in Table 8).
Following the same logic, we can deduce from Fig. 15 that
the large gap between the maximum contact stress applied
on the cam and its allowable limit is due to the influence of

60 120 180 240 300
Cam rotation angle (°)

360

third term of the objective function, which indicates a good
strength of the cam (gy).

In addition, the risk of the contact between the roller
and the follower bearing during the high dwell of the
follower is avoided with a safety distance equal to
1.00 mm, (constraint g3 of Table 8). For cons, the value
found for the constraint g, presents the safety height be-
tween the follower and its bearing during the low dwell.
Finally, the obtained optimal cam profile is given in
Fig. 16.

Fig. 11 Evolution of external, 68 T T T 0.02
inertial, spring, and total forces 2 External force
respect to cam rotation angle ~ 60 - ——— Spring force
) Total force
5 nertial f
8 59 L nertial force | (1 .
= Z
<
Sl N ¢
: %
EEd ) £
o0 / N S
g 8¢ 1 I
o Q
& 5
el 20 + 4-0.01
=
o
L 12F .
x ]
£a
4 | l | 1 | _0'02
0 60 120 180 240 300 360

Cam rotation angle ()
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Table 8 Global optimal

results of the cam-roller Optimization MADE

follower mechanism method
Best 217.70907431416
Ry(mm) 28.633568856151
Rg(mm) 9.3006758804433
e(mm) 9.3006758804458
f(mm) 9.8395981706191
g(mm) 67.077086144401
b(mm) 48.699324119543
g1(x) 2.479794147E-12
2(x) 19.332892975705
g(x) 1.0000028484105
24(x) 1.0000033129137
&s(x) 5.7885443809810
g6(x) 18.746593846853
g7(x) 13.387625392705
gg(x) 8.3376253927057
go(x) 77.566177908637
g1o(x) 2.076117056E—14
Mean 217.709074327487
Worst 217.709074371881
SD 1.0809E—08

7 Conclusion

In this work, a new efficient algorithm called MADE was
presented for a global optimum design of a cam mecha-
nism with offset roller follower translation. The

mechanism was optimized regarding the minimum cam
size, maximum efficiency, and maximum cam strength re-
sistance. The optimization problem was subjected to con-
straints on performance indicators such as pressure angle,
efficiency, and resistance indicators (radius of curvature
and contact stress), as well as geometric conditions. The
design variables considered in the optimization process
were of a continuous nature in a total of six, which select
numerous geometric parameters of the mechanism ele-
ments. In order to solve this multi-objective problem, the
weighted sum method was used, where the weighting fac-
tors were chosen in accordance with the importance of
each objective. The results found through the design ex-
ample showed that the optimum synthesis has been per-
formed by an excellent efficiency and a sufficient
durability.

Furthermore, the effectiveness of the proposed algo-
rithm has been verified by solving three well-known
problems which are the three bar truss, tension spring,
and welded beam design. The obtained results for the
engineering problems demonstrated the effectiveness
and the robustness of the proposed approach compared
to the existing optimization methods. The obtained re-
sults for the case study of the cam mechanism con-
firmed the efficiency of MADE in solving the real
engineering complex problems. For future research di-
rections, the MADE algorithm will be used for further
applications as well as other types of cam mechanism
synthesis. In addition, an experimental study to test and
to validate the performance of the algorithm is
recommended.

Fig. 12 Convergence graph of 245
MADE for the case study
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Fig. 13 Evolution of the pressure 40 T T T T T T T
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Fig. 15 Evolution of the Hertzian
contact stress
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Appendix
Three bar truss design

The problem can be mathematically formulated as follows:

Min: f(x) = (2\/§x1 +x2) x 1

V2x1 +x2
g (x) = \/-2710*050
2x1 + 2x1x
X2
=——"  P-0<0
\/fx% + 2x1x2

1
=—P-0<0
V2x5 4 x1

Subject to :

where 0<x;<1, 0<x,<1, /=100 cm, P=2kN, o=2
kN/cm?

"2 "2 ; a X2 P « MR
TX)=/(T) + () +2TT T =——— ., T =—
) \/( ) 2R’ V2x1x2 J
¥ (x +x3)2 v (x +x3)2
R=\|Z4+-——0 T =2¢V2 2 T
Tt V2x1x2 PR

Pux) = 4013E\/x3x4/3 /_
¢ x4X3 2L 4G

Tension spring design problem

The problem can be mathematically formulated as follows:

Min f(x) = (x3 + 2)xox]
x3x3
=1-—2>_<
&) = 1 gesa <
2 (x) = g nn L
Subject to : ? 12566 (x,x7—x}) ~ 5.108x7 ~
140.45x,
g(x) = 1I-——5—<0
X5X3
g4(x) = %—1 <0

where 0.05<x;<2,0.25<x,<1.3,2<x3<15
Welded beam design problem

The problem can be mathematically formulated as follows:

Minf(x) = 1.10471x7x; + 0.04811x3x4(14.0 + x3)
&1 (x) = 7(x)~Tmax <0
2(x) = 0(x) = Omax <0
g x) = xl—x4<0

Subject to : { g4(x) = 0.1047x7 + 0.04811x3x4(14 4 x2)—-5<0
g5(x) = 0.125—x,<0
86(x) = 6(x)~Omax <0
g7(x) = P=P¢(x)<0

where

M= P(L n %2) ,

P = 6000lp, ! = 14in, G = 12 x 10°psi, E = 30 x 10°psi, Tmax = 13, 600psi, omax = 30, 000psi,

Omax = 0.25in
0.1<x1,x4<2,0.1<x,x3<10
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